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‘Pelu2(CO)12 followed by acidification did not lead to the desired hydrido

mixed-metal cluster, but instead to various other products. Reaction of

( pp 14J [Co(CO)4 1 (PPN • (Ph 3P) 214) with ?e3(CO) 12 and 1u3(CO) 12 without

subsequen t acidification gave the salts ( PPIIJ(C0Pe3(C0)133 and

( PP1IHCoRu3(C0)13J .  Th. latter was structurally characterized by single

crystal Z—rj4 . t f fr acxian .  It crystallize. in the space group P1 with
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(Co (CO ) 4 1 with ?e2 Ru(CX)) 12 and F~~u2 (CO)12 gave p roducts formulated as
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We have previously de.onstrated~ a useful synthetic route to tetra-

nuclear mixed—metal clusters of the Fe-Ku-Os triad by the addition of

carbonylmetalates to closed metal carbonyl trimers. For example , addition

of jPe (C0)4~
2 to Ru2Os(CO) 12 and RuOs 2 (CO) 12 gave the triaetallic cluster.

H2FeRu2Os(CO)
13 and H2FeRuOs2 (CO ) 13, eq. 1.

Ru O.(CO) 
_____ ______ 

H2FeRu Os(CO) 132 12~ + Na 2LFe (C0)41 ThT~ H PO~ 
2~ (1)

RuOs2 (cO)12J 3 4 H 2 FeRuO 2 (CO) 13

We are currently evaluatin g the scope of this synthetic approach by

varying the nature of the carbonylmetalates and the metal t r imers . Tet ra—

carbonylcobaltate has been found to work well in these reactions, and we

report herein the synthesis and characterization of the new clusters
HCoRu3 (C0)13, HCoLi2Oe(C0) 13, HCoRuOs2 (CO) 13, HCoOs3 (CQ) 13, (CoRu3 (CO)

13J ,
and products tentatively formulated a. !CoPeRu2 (CO)13] ,  and ICoFe2Ru(CO) 13J .

Details con cern ing th. preparation of ICoPe3 (CO)13) ,  a cluster prev ious ly

prepared by Chini and coworkers ,2 
are also given.

I
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Co2 (CO) 8, 1u3(CO) 12, 0e3(C0) 12, and ( PPNJC1 were obtained from Alfa
3Ventron Corporation and were used wi t hout furthe r purification. Fe3(C0) 12,

?e2Ru(C0) 12,
4 FeRu 2 (CO) 12

4 Ru2Os(CO) 12 , and RuOs2 (C0) 12,
5 
were prepared

accordi ng to published procedures . Tet rahydrofura n (TM? ) , hexane , and

l,2—d imethoxyethane were dried by distillation from sodium benzophenone

ketyl or Call2 under N2. MeOll and EtOH were dried by distillation from

Mg(OIle )
2 and Ng(OEt ) 2, respectively, 2-ethoxyethan ol by distillation fro m

$gSO4 and CH2 C12 by distillation f rom P4010 under 
~~~ 

All other solvents

were used as obtained. Solutions of the reactants were prepared in an

142—fi lled dry box , and all reactions were carried out under an

a tmosphere. Unless otherwise stat ed , the inert a tmosphere was ma intained

up to the point of the first  hezane extra ction following acidification.

Chr omatography was conducted on silica gel using the low-pressure chroma-

tography app aratus previously described .1 For air-sensitive compounds,

the silica gel was deozygena ted by passing ~l I. of dried, deozygenated

solvent through the column prior to chromatography of the reaction mixtures .

The frac t ions were collected under N2 in Schlen k flasks and the solvent

was removed by evaporation under vacuu m .

Pre parati on of ~[Co (C0)4j Solutions. 6 
Approximately 1-mi. of Nal

alloy (1:2.8) was added by syringe to a 75—mi. TM? solution of Co2(CO)
8

(0.1 g, 0.29 ol). After stirring at 25’C for %3 h the solution was

faint purple or blue in color with a suspended grey precipitate. The

solution was t hen filtered under an 
~2 a tmosphere using Schlenk techniques

to obtain a colorless or occasionally pa le—yellow solution of K( Co( CO )4 ) .  

_ _ _

-5--.— —-. 5 _ ._ ~~~ . __ _ ._.__. .- — ———~—— —‘— - _ .
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This K(Co (CO)4 J solution was used lamediately in the reaction s described

below and no attempts were made to isola te solid E(Co (CO) 4 1.

Preparation of [PPNJ[Co(C0)4]. This salt was prepared by an adaptation

of the literature procedure.7 A 75—.L Tar solution of Co2 (cO) 8 (1.7 g,

5 emol) was reduced with  2 ml. of Hal alloy and filtered as described above.

Addition of ( PPNflC.l J (5.193 g, 9.04 emol) in 50 .1. CH 2C12 to r ise f i l trate

gay, a light—green precipitate which wa~i isolated by f i l t ra t ion. Recrystal-

lization from QI2C12/Kt 20 gave light-green crystals of I PPN JIC0 (cO)4 ]

(4.4 56 ~~, 6.28 ol).

Pr eparation of HCoRu 3(C0) 13. 1. A 60—aL TM? solution of Ru3(C0) 12
(100 ag, 0.156 meol) was added dropwise over a 30—win period to a refluz ing

and stirred 60—al. TM? solution of KICo(C0) 4 1 (by reduction of ‘ ~ g, 0.29 ol

of Co2 (C0)8). After  heating for an additional 2 h, solvent was r emoved

from the resultant deep—red solution by evaporation under vacuum . 60 ml.

of d.ozygenated hezane was t hen added followed by 40 ml. of a deoxygenated

202 aqueous H3P04 solution . The acid layer was extracted with 60—mi.

portions of hezane ( 360—mi. total) until colorless . The red hexane solution

was dried over anhydrou s NgSO4, filtered , concentrated , and chromatographed

on silica gel. With  hexane as the eluent at 50 lbs columo pressure , a yellow

band containing Li3
(C0) 12 with a trace of 02Ru4 (C0) 13 and a brown band of

HC0Ru3(C0)13 (72 ag, 632 yield) eluted in that order. The pure compound

was obtained as slightly air—sensitive red microcrysta ls by evaporation of

solvent . Anal . Calcd . for HCoIu3(C0) 13 : C, 2 1.472; 0, 0.142. Pound : C,

21.422; 0, 0.142 (Galbraith Laboratories).

2. 50-602 yield of HCoftu 3(CO) 13 
can be obtained without chromatography

by f i rat  washing the 03P04 acidified reaction mixture (see above) 2—3 times

with hezine to remove remaining Ru
3

(CO) 12 and Co4(C0)12, followed by

- - 5 - -- —- ----5- 5 - -  5—-  S — -  __4
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extraction of the acid layer with sevi ral aliquots of benzene. After drying

the benzene extrac t with MgSO4, evapordt ion of solven t leaves a red

crystalline mass of pure HCoRu3(C0) 13.

Preparation of HCoRu 20s (C0) 1~~~~ d HCoRu0s2~~~ ) 13. A 60-aL partially

dissolved TM? solution of the Ru2
Os(CO)12, Ru0 2

(C0) 12, 0u 3(C0) 12, and

0s
3

(C0) 12 mix tu re5 (614 ag combined we ight , ‘193 ng of Re2~~~~~~12, “~2l7 mg

of Ru0 2 (cO)
12

8) was added dropwise over a 25—mm period to a stirred ,

relluzing 100-at TOP solution of K(Co(C0)4) (by reduction of 0.6 g, 1.76 ol

of Co
2 
C0)

8~ Heating was con t inued for an additional 2 h and work-up of the

resultan t red solution was similar to that described above for HC0Ru
3

(C0) 13,

except that the reaction mixture was extrac ted with benzene. Henzene was

removed by evaporation and the residue redissolved in hexane . Chromatography

on silica gel with hezane a~ the elu ting ~o1vent yielded in order of elution

a yellow band of the unreac ted triaer mixture , a dark-brown band consisting

of 040.4(a)) 12, 0 3(C0) 12, and Co4(C0)1 , a brown band of UCoPu 3(C0) 13, a

dark-orange band of HCoRu 2Os(CO) 13, and an orange band of HCoRuOs2 (C0) 13.

Relatively pure compound s were obtained by simple evaporation of the solvent

f rom the respective fractions giving moderate yields of HCoRu 2O ( C0)13
(83 mg, 382) and HCoRuOs 2 (C0) 1.~ (59 mg, 252).

P~~parat ion oj_jPPNj[CoRu}(çO)13j .  A solution of Ru 3(C0 ) 12 (105 ag,

0.154 emol) and (PP N J ( Co(C 0 )4 ) (109 ag, 0.154 ol)  in 125—al. dr ied ,

deox~ gena t ed TOP was ref lux ed (or 2 .5  h under 02 during which t ime th. color

changed from yellow to dark red . Evaporation of TOP gave a red solid which

was dissolved in 60—mi. dried , deozygenated Et 20 and recrystallized by slow

di f fus ion  of hexane into the Et 20 solution under vacuum to give 642 yield

( 124 ag) of I PP1lJICoRu 1(C0)13~ . Anal. Calcd. for ( PPN JL CoRU 3(C0) 13J :  C,

L 

_ _ _ _—-----5 ---- - -  -~~~~~~~~~~-
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46.532; H, 2.402; Ru, 23.972. Found: C, 46.552; H, 2.382; Ru, 23.652

(Alfred Bernhardt Analytical Laboratories , Engelskirchen , West Germany) .

Preparation of [PPN1[CoPe 2~~j cpJ131. A solution of I PPN J(Co(C0) 4 1

(87 ag, 0. 122 emol) and Fe2Ru(C0) 12 (6 7 ag, 0.122 ol) in 50—mi. freshly

dri ed , deoxygenated TOP was ref luzed under 02 for  2 h during which t ime the

color changed Ira. purple to deep red . Evaporation of THF gave a brown solid

which was dissolved in Et2
0 and recrystallized by slow diffusion of hexane to

give a 161 yield (24 mg) of impure (PPNHC0 Fe2Ru(C0)131. Anal. Calcd.

for I PPNUC0Fe2
RU(C0)13): C, 50.112; H, 2.581; F., 9.512; Ru, 8.601.

Found : C, 46.882; H, 2.572; Fe, 5.75Z; Ru , 8.992 (Alfred Bernhardt).

?i~~ara t ion oI j PPN][CoFeRu2(C0)13 1. A solu t ion of ( PPN )[ Co (C0) 4~

(53 ag, 0. 755 emol) and FeRu2(C0)12 ( 4 5  mg, 0.757 maol) in 75—mi. dried ,

deoxygenated THF was refluxed under N~ for 1.25 h dur ing which time the

color changed f rom l ig ht  red to dark red . Evaporation of solvent gave a

brown solid which wa~ dissolved in 20-mi. dried , deoxygenared Et 20 and

recrystallized by slow d i f f u s i o n  of tu~xane under vacuum to give 472 yield

(43 ag) of slightly air—sensitive red-hrown crystals of impure I PPNJ

ICoFeRu2(cO)13 1. Anal. Calcd. for (PPNJ (CoFeRu2
(C0)

13 3: C, 48.252; H,

2 .482 ; Fe , 4 .572 ;  Ru , 16.572. Found : C, 46.921; H, 2.572; Fe, 3.622; Ru,

14.692 (Alfred Bernhardt).

Preparation of IPPN1[CoFe31~9)13j. 
A solution of [ PPN 3I Co (C0) 4 1

(251 ag, 0.495 ol) and F.
3
(C0)12 (250 mg , 0.496 emol) in 125—aL dried,

deoxygenated THY was stirred under 02 for 22 h at 25’C during which time

the color changed from dark green to red-purple. Evaporat ion of solvent

gave a black solid which was recrystallized by dissolution in 80—mt dried.

deoxygenated Et 20, leaving a brown impure I PP?4j ICo(C0) 4 1 residue , and slow

diffusion of hexane into the solution under vacuum to give an 182 yield

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 5—- — 
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(104 ag) of b ’ack , s l igh t ly  a i r — s e n s i t i v e  c rys ta l s .  Anal .  Caled. for

( PPN 3I C0Fe3(C0) 131: C , 52. 122 ; H , 2.6 8% ; Fe , 14 .842; Co , 5 .22 % .  Found :

C , 52.04%; H, 2.852; Fe, 14.722; Co , 5.082 (Alfred Bernhardt ) .

Spectral Measurements. Infrared spectra were recorded on a P erk in—

Elmer 580 Infrared spectrophotometer using 0.5 em Had so lu t ion  inf ra red

cells. These cells were sealed with serum caps and purged with 0
2 

in order

to record the spectra of air—sensitive compounds. Values reported are

accurate to +1 cm~~. Electron impac t ni~ias spectr;I were obtained using an

AEI-HS9 spectrometer with a source volt .ige maintained at 70 eV. The

probe temperature varied between l00-.~
{)o’C depending on the cluster

examined . NMR spectra were obtained ~-.1ng i~ JEOL PS-lOO— FT Fourier transform

spectrometer. Electronic absorption spectra were recorded on a Cary 17

spectrophotometer using 1.0—cm path length quartz cells.

Collection and Reduction of the X-raj Data fo r  j~PNJ (CoRu

Dark-red crystals of 1PPN ) l CoRu 3(C0) 1 ~
) were grown by slow evaporation of

solvent from a saturated Ft20 solut I~~ ‘i the comp lex. The irregularly

shaped crystal selected for analysis had maximum dimensions of 0.4 x 0.3 x

0.2 — . it was mounted in an arbitrar y orientation on a glass fiber which

was then fixed Into an aluminum pin and mounted onto an eucentric

gonlo.eter. Diffraction data were collected on an Enraf—Nonius four-

circle CAD4 automated diffractoaeter controlled by a PDP8/a computer coupled to

a POP 11/34 computer. The Enraf-Nonius program SEARCH was employed to

obtain 25 accurately centered reflections which were then used in the

program INDEX to obtain an orientation matrix for data collection and to

provide cell dimensions.9 Pertinent crystal and intensity data are

listed in Table I.

- - - — S_ _I
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A graphite crystal incident bean monochroaator was used with Pk Kci

radiation and data collected at a takeoff angle of 2.80 . A 0-20 scan

method was used with a variable scan rate ranging from 20’/min for the moat

intense reflections to l’/min for the weak ones. The angular scan (ia)

width was variable and amounted to 0.t~ below 20(MoKx*) and (0.6 + 0.347

tan 0) above 20(Mo Kcz) . Hi gh and low ~
‘ backgrounds were each scanned for

.52 of the total scan time . A total of 8964 unique reflections were

collected out to ~~ — 5Ø • Of these . 6150 had intensities with 1 3.0 o(I)

and wert considered observed . (Here ~1 (l ) - + R28) + C’ 1)
2

1
1/2 

and

I • S(C—RB) where S — scan rate , C t tal integrated peak count, K — ratio

of san time to background counting time . S — total backgroui d count , and

- 0.02). These data were correct d f~ r Lorentz and polarization factors

and were used in the subsequent refineaer t of the structure .

Solution and Refineaen t of the structure . Of the two possible triclinic

space groups , P1 and P1 . the latter ~~~~~ ‘
. arbitrarily selected for the initial

t r i a l  so lu t ion  of the structur e . The .&cccs sfu l refinement of the structure

using this space group indicated that this choice was correct. The Co and

three Ru atoms were located from a ~-iimensional Patterson map, and the

coordinates of the remaining 65 non-hydrogen atoms were located by successive

least—squares refinements and difference Fourier maps . Several cycles of

least—squares refinement with anisotropic temperature factors for all 69

non-hydrogen atoms reduced K to .036 and R
~ 

to .044. The residuals are

defined as follows:

R E ( I t F I— ~ F U) I ~~l F (

• (~w(IF l—~F I )
2
/~wIF J

2
J ”2

I
5 —

~ 

_ _  -  -. ____
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An ORTEP drawing which shows the .~tom numbering scheme for the

ICoRu3(cO)131 anion is shown in Figure 1 and a stereoview of the anion

is given in Figure 2. Final positional and thermal parameters are listed

In Table Ii. Rekvan t bond dist.ince ,~ m d  bond angles jrt ,..t out In

Tables III and IV. A listing of the observed and calculated structure

factors is given as supplementary material.
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Resul ts

.cuer ~m 1 Sy n t h e t i c  A1proach. As p r ev i o u s l y  d e s c r t b e d ,~ ou r appr aoch to

the ~vn thesis ot a p ar t i c u l a r  t e t r a f l t R - l e ’.lr c l u s t e r  is to add an a p p r o p r i a t e

c a r bo ny i n c t a l at e  to an a p p r o p r i a te  c l o . t d meta l  carbony l  t r im e r .  For

example , (CoKu 3
(CO)

131 
is svnthesi:~~t l’y the addItion of tCo (CO)4 1 to

Ru
3
(CO)12 * tCo (CO )~~1 * [CoRu

3
( w

11 J + CO ( 2 )

Thi s  pa r t i c u l a r  anion can e i t h e r  be isolated a~ it~ PI)N+ salt or protonated

to y i e l d  HC0Ru 3
( CO)

13
. The sy n t h e s i s  o t  each of the h y dr ide  c lus te r s

des~ ribed below was ~ a r r i e~ out in es~ e n t i a l 1y the same manner .  A THF

s o l u t io n of the t r i m e r vas added dr ~ ~~~~~
- .. to a trt shlv prepared , r e f l u x i ng

THF s o l u t i o n  of K [Co(CO ) 4 1 under  an ~ .~t r ’,~~iu r m - . A f t e r  heat i ng ,  the  THF

was r emoved b y evaporat ion  under  v acu r , . i h e  r e s u l t a n t  r es i d u e  was t h en

acidified with ~ ~‘o and ex t r ac t ed  i t t o hexane or benzene . Ex t r ac t  so lu t ionsi s

were dried over anhydrous MgSO4, concentr ated , md then chromatograp h d  on

silica gel. Sp e c i f i c  details concerning reactiu~; t imes , yields , and

chromatograph y . l re  given in the Experinental sec t ion .

The experimental procedure for t~~~ sy n t h e s i s  of each of the an ionic

c l u s t e r s  was s i m i l a r .  A dried , deoxvgen ated  THF solution of (PPNILCo (C0)41

and the appropriate trimer was refluxe~I under an N, atmosphe re. The THY

was then removed by evaporation under vacuum and the resultan t solid dissolved

-— -_ - -— _ _ _— - -
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in the minimum amount of dried and deoxvgenated Et
2
0. Any unreacted

I PP N U Co ( CO) .. 1  is insoluble  in Et ,~
) and remains behind as a tan residue.

The cluster was then recrystallized b . slow diffusion ot hexane into the

Et ~~O s o l u t i o n .

Of the various spec t roscopic te cin ~ques used to identify the product.

ot  the reactions , the most useful wer e I n f r a r e d  and mass spe ctroscopy .

Pr e v i o u s l y  desc ribed c lus te r s  were I d e n t i f i e d  m a i n l y  b y compa r ison to the i r

reported i n f r ar e d  data .  In f r a red , ci ‘- t r o n i c  absorptIon and 114 NMR data for

the new cluiters prepared in this work are set out in Tables V and VI , respec-

t i v e ly  .~~~~~.m~~~~’.;’ec tr al data Is sti nar :.’d in Table C (Supplementary Mater ia l ) .

I’r i p a r a t  ion o~ HCogu~~(CV )~~~. The syn t h e s i s  of HCoRu 3 (CO) 13 was

accoap li~dw.l by allowing K(co(CO),J t~ r e a c t  w i t h  14u 3 (CO ) 12 In  r e f l ux in g

TIff solution for ‘.5 h followed by pi ‘ t . ‘~m .i t t on w i t h  H ~~~ eq.  L

j Co ( cO)4 1 + Ru
3

(C u) 1.  T~F 
~ (Co~ %l )(CO) 1)1 H3

PO~~ 
HCo Ru 3

(~ O) 13 (3)

This reaction produced the de sired HCoku~ (CO)13 
in 631 yield along with a

t race of ~~~u4
(t ) )13 as the only othe r product. A si gnificant amount of

was also recovered . The new luster HCoRu 1(CO)13 was characterized

by its spectral data and by chemical ~na l v s 1 s .  Solid samp les of HCo Ku 3 (cO ) 13
decompose over a period of weeks when stored under N

2 at room temperature .

flecomposition is accelerated upon exposure of samples to a i r .  Even in dried ,

degassed isooctane solution , decomposition sets In withIn minutes and is

apparently complete wIthin 2-3 days. ~he only  decompo sit ion prod uct

~‘~~‘“ 
I I vs - I mli ii I I I i’d I .  K.. I . I’. . . ~m;ii.s It I i’n Is m snp 1.. 1 e w i t h i n

minutes upon exposure of solutions to t 0 , giving Ru
3(t0)12, 

Ru(cO)5, and

Co2
(CO)

8 as products.~
0

.
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Pre,p~~ation of [PPNIICoRu 3(CO) 1, 1 . The tCoRu 3(cO)13 1 anion was

obtained in 642 yield as its PPN salt by a l l owing  I P P N I ( C o (~ O) 4 I to  react

with Ru3
(CO) 1, in r e f l u x i n g  THY aolut~ oii for 2.5 h followed by recrystal-

lization from Et
2
O/hexane)~ Unlike It (uRu

3
(CO) 13, I PPN)LCoRu 3

(CO)13 1

appears to be indefinitely stabi’- in .11! in both the sol id state and in

solut ion. A!! attempts to convert fl’IN JI CoRu 3
(cfl)

1~~J 
Into HCuRu3

(CO)
13

by protonation with 143
P0, failed .

Preparacion oi HcoRti,Osj~O~1 ~ 
and Hco_R~~~~j~~~1 3 . To synthesize

HCoRu1Os(C0)13 and HCoRuOs,
(CO )1). we allowed K(Co(C0)41 to react with the

Ru 3- , Ru,O~— , RuOs2- , and Os~~
(CO) 1, t :  :--er mixture 5’

8 in refluxing THF

for 3.5 h followed by protonation wit h H ,3P0,, eq. 4.

Ru ,~)a (C O)
1 ;i —

+ + I Co (CO) ~~~~~~~~~~~~~~~~ —~~~~
4 l i i i  H P O

RuOs ,(CO~12 
3 4

)ICoRu2
Os(C0)

1 
• HCo Ru Os2

(CO )
1 3  

(4 )

(382) (25!)

This  react ion also produced a small a~ .’ n n t  of HCoRu 3 (CO) 13, and a significant

amount of the trime r mixture was recovered . The stabilitIe s of HCoRu2
Os(CO)13

and HCoRUOa 2 (CO ) 13 parallel t h a t  of Hi oRu 3(CO)13, described above. These

c lus t e r s  were p r i n c i p a l ly  characterIzed by their mass spectra , Table C,

which shoved parent ions at the correct rn/c values with the expected isotopic

distributions and also fragment Ions corresponding to loss of each of the

1) carbo nyla . Repeated attempts at m°’t.iining satisf actory elemental analyses

failed . We subsequently discovered tl m .mt silica gel enhances the rate of

decomposition of these clusters and s~ir explain wh y repe ated chroma-

tography on Si02 did not yield pure products.

5-—
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Attem~ted Preparat ton of NCoOs 1
U1i )

13
. We expected that HCoO s 3(CO ) 13

would result fro. the addit ion of KIio (CO)4 1 to 0s3
( Ct) ) 1, followed by

protonation. However, we were unable to isolate any of the desired

cluster following atte mpts to synth esize it d i rec t ly ,  even though the

reaction conditions were varied considerably. Only 0s
3
(C0)12, H2

0s4
(CO) 13,

1440s4(CO)12, and Co
4
(CO) 12 were iso!.ited following the usual chroaatographic

separation of the protonated reaction mixtures. In a single experiment

in which the reaction mixture resulting from the addition of KICo(cO)4)

to the Ru3— , Ru2Os-, ItuOts ,— , and 053
((U)

12 trime r mixture was separated

by u l t r a—high  speed li quid chromato gr ap hy 12 we did isolate a very small

amoun t of a yel low solid which eluted after HCoRuOs.,(CO)13. This material

was shown to be HCoOs
3
(CO)

13 
by its mass spectr um , Table ‘

. I R data for

the compound are give n in Table V , but insufficient material could be

Isolated (or f u r the r  cha rac te r i zat ion . Apparent ly  HCoOs
3
(CO)13 is formed

In the a t t empted syntheses , but i t  mo’.t be inherentl y unstable and like

HCoRuOs2
(CO )

13 and HCo Ru2Os(CO)13, i t s  decomposition may be accelerated

by SlO ,.

Prep~~~ition of jrPNjj~~Fe~ (C~)13 J . The anion tCoFe3
(CO)12 1 has

been mentioned by ‘Thini and Heaton2 but  no preparative details were given.

In our hands, black air—stable crystals of IPPNHC0Fe3
(cO)131 resulted in

182 yield from the reaction of ( P P N J I C o ( Q 1 ) 4 1 with Fe3
(C0)12 in Thi’

solution at room temperature , eq. 5.

ICo(CO)41 + Pe
3

(CO) 12~~~~~~~
S C

f
~~~
2 h 1 (CoFe

3
(CO)

12 3 (182) (5)

Attem~ted Prepara tion of HCoFe~,jCO)13. 
Although the (CoFe

3
(CO )

13~

anion appears to be qut ’ e stable , we have not been able to prepare

HCoFe3(CO)13. We attempted to synthesl~~e HCoFe 3 (CO) 13 by a l l o w i n g  KICo(CO) 4 J

_ _ _ _  - _ _ _ _ _
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to reac t with Pe
3
(~~)12 fol lowed by protonation with H

3
P04. A rapid green

to red color change ensued when thesi’ r eactants were ref luxed I n THY for

I h , indicating that the desired reaction occurred (see above). However,

only Fe
3

(CO) 12, HCo3Fe(CO) 12,
13 

and Co4
(CO) 12 were isolated from the

a Idit ted solution . The same produc t .scxt.tre resulted when the reaction

m i x t u r e  was maintain ed at 40’C fo r 3 h instead of at rellux as above ,

and when K(Co(CO)4~ was added to Fe 3 tCO) 12, the reverse of the usual

order of reagent addition . Attempts to form HCoFe
3
(cO)13 via  protonat ion

of (PPNI[Co Fe3
(cO)

131 with H3
P0
4 
also failed .

Attempted Prep~aration of HCoFe2
I~u(CO)1 } and HCoFeRu2( ~ 

We

attempted to prepare the unknown H ’oFe,Ku((X))13 and HCoEeRu2
(CO)

13

cluaters by the addition of kjCo(CO)4 J to Fe2Ru(CO) 12 and FeRu2 (CO) 12 but

without success. Reaction of K I C o ( c~~) 4 1 with Pe2
Ru(CO)12 gave Co4(CO) 12

and HCo
J
Ru((O)1)~~ as the princ iple ,-r .’ducts . Reaction of KIC0(CO)41

w i t h  FeRu 2 (c0) 1, gave Ru
3
(Ct))1,, Co1 f t  11)

12 and HCoRu 3
(CO ) 13 .

ion of (,PPNJ[CoFe2Ri~jCO) td_jj~PNJjCoFeRu2
(~~~ 13J . Impure

samples of these clusters were obtained from the respective reactions of

(PPHJICo(CO)41 with Fe
2

Ru(CO) 1., and FeRu
2

(CO) 12, eq. 6 and 7.

t PPN1(Co(CO)4~ + Fe
2

Ru(CO ) 12 
5 5 1

r ,F

h ) I . PPN II C 0Fe 2 Ru( CO) 131 (162) (6)

IPPNI(Co(CO)4J + FeRu
2
(cO)1, •‘I l•S h~ IPP1IHC0FeRu2

(cO)13) 
( 4 72 ) ( 7 )

The crud e reaction products were recrystallIzed from Et
20/hexane to give the

y ields of cr ystalline material shown .ibove . These clusters were principally

cha racterized by infrared spet -t r osco v and by comparison of their spectral

data to the other clusters described herein. Repeated attempts to obtain

satisfactory elemental ana lyses for these cowpoimd. fa i led , but as

5— — -  — - -5— -5-- —— -5 - - ---— - - 
-
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illustrated by the data given in the Experimental section , Fe and Ru were

present in each case and in near the expected ra t io  for I PPN ) I Co FeRu 2 (CO ) 133 .

Anionic clusters such as these do not exhibit well-behaved

chrosatographic properties , and we have been unable to pu r i fy  them by

chromatography or by f ractiona l c r y s t a l l i z a t i o n .

Crystal Structure of jPP NflCoRu3 (CO)~14. The crystal  s tructure of

t P P N I ( C o R u 3 (cO ) 13 1 shows that the compound consists  of discrete cation.

and anions wi t h  the latter having a tetrahedral arrangement of metal atoms

as shown in Figure 1. The three Ru-Ku distances are nearly equal (2.824,

2.828 , 2 . 835  A) as are the three Co—Ku distances (2.611 , 2.612, 2.631 1).
Each Ru bears three terminal carbony l llgands , the Co has one terminal

carbonyl , and three carbonyl. bridge the three Co—Ru bonds. The latter

appear to be full—bridging carbonyls . rather than semi—bridging, as

evidenced by the near-equivalence of the Co-C—O (140—142’) and Ru—C—O

(141—143’) bond angles. In the isoeleutronic H2FeRu3(CO) 13 cluster which

possesses two semibridging carboctyls acros s Fe—Ru bonds, the Ru—C—O

angles (120—124’) and the Fe—C—O anglt~ (145—156 ’) differ markedly.’5

Furthermore , the Ru—C. bon d lengths ( 2 . 15 — 2 . 1 7  A) in (PPNJoridging

( CoRu 3(C0) 13 J are significantly short~~r than those in H 2 FeRu 3 (cO) 13
(2.23-2.32 A) , even though the Co— Ru 1 .611-2.631 A) and the Fe-Ru

(2 .6 19—2 .7 0 0 A) bond len gths in the two clusters are comparable.

Application of the usual simple electron counting schemes shows that

th is cluster has the requisite 60 valence electrons expected for a tetra-

hedral structure .16 Fur thermore, since the three brid g ing carbonyls appear

to be equally shared by the three Ru ’s and the Co, the negative charge of

the cluster should be localized on Co in order to give this metal the

_  - -
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required 18 ~1ecc rons. The PPN cation is  bent ($ PPN - l40.0 ) and

shows no unusual structural features.

This is the only t.tranuclear cluster which has been shown to possess

three bridging CO. all attached to the same metal atom. The highest

sv etry that such a cluster could posses. is C
3 

if each of the three

bridging CO’s and the metal atoms which they bridge were to lie in one of

the three mirror planes. The terminal earbonyl u ganda in such a structure

would likely be disposed so that each would be approximately t rans to one

of the metal-metal bonds. However, the I CoRu3
(CO)13 J anion does not

adopt this structure. Instead , as illustrated in Figure 1 , the three

bridging CO’s are arranged in a staggered fashion about the Co atom and each

lies nearly within one of the planes -~~:tn ing the three CoRu
2 

faces; the

C
bridging 

atoms deviate from these plaRes by 0.23 A (C2), 0.09 A (C3) ,  and

0.10 X (C4). The three Ru(CO)
3 units are rotated so that the terminal

carbonyls are not tran s to the ?3-M bonds but rather the carbonyls are

arranged in positions tha t apparently minimize titeric interactions. One

term inal carbonyl on each Ru actually lies above the Ru3 plane. Even

so, the cluster still possesses a pseudo—C3 rotation axis and thus

approximates C
3 
symeetry.

Further inspection of the structure of (CoRu3(CO ) 13 1 shows that the

anion is chiral. This is best illustr .ited in the diagram below which shows

- __________ ____________
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the metal framework and the disposition of the three bridging CO’s. The

enantio.er on the left , A , which is the one depicted in Figures 1 and 2. is

cl early not supertmposable on i t s  m i r r o r  image , B. Because of the centro—

s y e tric natu re of the crystal , space group P1, both enantiomers are

present in the unit cell. The interesting possibility is raised that these

enantio.ers may be separable , although cluster fluxional processes could

lead to ready racemizatioc. The variable temperature NMR proper t ies

of this cluster are under study and will be the subject of a future

report.

-5-
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Discussion

Synthesis. The basic reaction approach employed in this study for the

synthesis of tetranucle.ar clusters i~ the addition of a carbunylmetalate to

a closed me tal carbonyl trimer. The rc.ict ions examined and the resultant

products are su arized in Scheme I. The principa l products are indicated

with an asterisk , and specific yields are given in the Experimental Section.

Tetranuc lear clusters with the desired metal framework were produced when

(Co(CO)
41 

was allowed to reac t with Fc 1(CO) 12, Fe 2 Ru(CO) 12, FeRu2(CO) 12,

Ru3
(CO) 12. Ru2Os(CO)12 and RuOs2(CO)~~,. Several of the cluster. apparently

decompose following protonation and c.uiid only be isolated as anions.

The mechanism by which a tetrahedra l cluster result. from the addition

of a carbonylmetalate to a metal trime r is obviously complex and has been

discussed in detail in previous publi . .~t t ons.
1
~

l? 
Basically, we suggest that

in the examples discussed herein , the nucleophilic (Co(c~O) 4J initially

attacks the electropositive carbon of .t bou nd carbon monoxide. Elimination

of carbon monoxide with concomitant metal-metal bond formation wou ld then yield

a tetramer with structure 1. Subsequent closure by nucleophtlic attack at the

other metal atoms with consequent elimination of carbon monoxide would lead

through 2 to a closed tetrahedral cluster 3.

M

~~~~~_ M M~~~— M  ME~3M

-J
—5 —5-- ----- - - — - - .——----- ---——-- 5- -- -—-- --—-
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In the mechanism described above, it is apparent that a crucial step

involves formation of the first metal-metal bond. Two factors appear

important in influencing the probability of occurrence of this first

addition . The inIt 1~ l attack on the , .sthonyl carbon should depend on t I i ~

nucleophilicity of the carbonylmetal ati . In a comparative study of the

relative nucleophilicities of a series of carbonylmetalates , (Co(cO)41

was determined to be the least nucleophilic of those examined~
8 However ,

the successful synthesis of the clusters reported herein clearly indicates

that the low nuc leophilicity of tCo(CO)4j is not a l imi t in g  factor in

synthes es of this type .

The second important factor which influences the probability of success

in using this synthetic approach is the metal-carbonyl bond strength of the

tri.er. In forming the first aeial—~etal bond to reach structure 1, one

trimer—CO bond must be replaced by a retal-metal bond (H— H’). The

stronger the H—CO bond of the trimer is , the more difficult it will be

to substitute CO by [Co(CO)4 . Plicrocalorim .tric measurements have

given the orderin* of the H—Co bond strengttm in the M
3

(CO) 12 trimers as
19,20

Os-CO > Ru—CO ‘ Fe—CO. The relative strength of the Os—CO bond may account

for our inability to produce iaolable quantities of HCoOs3
(CO) 13 using this

syntheth. approach . As noted previously,’ it appears that the order of tri.er

reactivity towards (M(CO)4J
E
~ (H Fe. Co) addition i. Fe

3
(c~O) 12 ~ Ru

3(cO)12 
)

in accord with the H—CO bond strengths.

A further complicating feature in syntheses which employ carbonyl—

.etalates is th. tendency of the carbonylmetalate to reduce and fragment the

metal carbonyl tri.er)’21 
In all the reactions which employed F.3 (CO)12.

Fe2Ru(C0) 12, and TeRu 2 (CO ) 12, some Fe(CO)
5 was detected during work—up of

the reaction mixtures . The latter likely arises through fragmentation
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to give Fe(cO)
4 
which subsequently scavenges CO released during the course

of the reaction. Such fragmentation and resultant scrambling of the metals

in the syntheses employing Fe2Ru(CO) 12 and FeRu2(CO) 12 may account for our

inabil ity to obtain analytically pure s ples of IPPNIIC0FeRu2
(CO) 131 and

(PPN)ICoFe2
Ru(CO)13h Chini

2 has written the balanced eq. 8 for his

independent preparation of (CoFe
3

(CO ) 11 J .  if we assune that the given

stoichiometry Is accurate it implies that this and perhaps the other

syntheses reported herein are more complex in mechanism than we have

assumed.

2Fe 3 (CO) 12 + (Co (CO)
4
1’ 2sc~ ICoFe 3(CO)

13r 
+ 3Fe (CO) 5 

(8)

characterization. 1. L PPN][ CoRu }(cO~ ,}I. This clus ter was

unambigously characterized by determining i ts  s t ruc ture  by X—ray

diffraction . The details of the structure are discussed earlier in this

report with the important features shown in Figures 1—3. The 1K spectrum

of th. cluster is shown in Figure 4, and the ZR data is suemarized in

Tab).e V. As expected on the basis of its structure , the anion shows both

termina l and bridging .—

~~~~~ 

bands. lye bands at 1823 w and 1794 m

are present in the bridging v~0 region , consistent with the near C
3

sy etry of the cluster; two bands of A and K ey etries are expected ,

with the usual pattern of the higher energy A band being less intense

than the lower energy E band .
22

1. jPPNJLC4 h.I(t~
fl)

1 3 1. [I ’PN~j .. - .Rii (I q~13 J 1 and l~
PPN 11CoFeRu2.~cO)1}1.

.

These clusters were characterized by their spectral data , Table V and by

chemical analysis, al though ne it her of the la tter two clusters could be

obtained pure. Consideration of the possible structures of these clusters

raises an interesting question. Do t 3 e v  adopt structures similar to

-
- - -

~~~~~~~~~~~~~~~~~~~~~~ - _ _ _ _ _ _
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that of (CoRu
3
(cO)131, or rather do they resemble the structure of

(HFeRu
3
(~0)13

j with which they also -u- i- isoelectronir and which hab the

structure shown in 423 w i th  two br idging CO’s. The latter is structurally

N I  -

~~~~~
4

related to H2FeRu3
(CO) 13

15 from which i t  can be derived by dcprotonati or

with KR
23 

IPPNI (CoFeRu2
(CO) 13 1 illu’.t r ates this dilemma particularly

well since it can be viewed as der iving f rom ( CoRu 3(CO ) 13~ by subst itution

of Fe for one Ru or alternately from LHFeRu 3
(CO) 13 1 by replacement of an

HRu unit by Co. Unfortunatel y , ZR spectroscopy does not allow a differentia-

tion between these two basic structures since the ZR spectra of tCoRu3
(cO)

131

and (HFeRU
3
(cO)131 are not sufficiently different , Figure 3. Th. question

of the structures of these three anionic clusters will have t.i be left

unanswered unti l  resolution by X—ray diffraction or perhaps by careful
l3~ ~~ stuijies .

I4CoRu3(cO)1~, HCoRu 2Oa (CO) 13, RCoKuOs2jç9)13, and H0s
3
(cO)13. 

Mass

spec tral data for these three clusters , Table C, strongly supports the

formula tions given . The spectrum of each cluster exhibits the parent ion

_ _~ 
. _ _ _

~
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followed by ions corresponding to successive loss of carbonyls and the

hydrogen ligand , and a fragment consisting of only the te t rametall ic

framework is prominent in each spectrum . The isotopic dis t r ibut ions of

the parent Ions of IICoRu3(CO)1~ , HCoRu2Os(CO)13, and HCoRuOs2(CO) 13 agrees

well with those calculated from isotopic abundances , but the parent ion of

HCoOs
3

(CO)
13 

was not resolved well eno~iih to allow comparison . The

similarity of the infrared and electronic absorption spectra of these

clust er- - , Table V , suggests similar structures for the four derivatives .

The spectral  blue s h i f t  in the i r  e lec t ron ic  absorption spectra as the Os

content increases is similar to that observed in the H 2FeRu 3
(~ O) 13,

H2FeRu2Oa(GO)13, and H 2 FeRuOs 2 (CO) 13 series ,’ consistent with the notion

that the electronic transitions are between orbitals involved in the

meta l—meta l  bonding and that the strength of the overall H—H bonding

increases wi th lncreasl:ig Os content.

The H
2

FeRu
2

Os(CO)
13 and H 1FeRuOs2(CO)

13 clusters previously studied

were shown to exist as a mixture of two isomeric for-ms which readily

1,24 1interconvert. Zn the static H NMR spectra of each of the Fe—Ru—Os

clusters , separate resonances due to ~- .i..h isomer were clearly apparent .
24

Likewise, the bridging CO region of th IR spectrum of each cluster showed

a total of four bands, with two arisi ng from each of the two isomers. In

contrast , HC0Ru2
Os(CO)

13 
and HCoKuOs2(CO )13 show no evidence for isomers

in their ZR spectra, and each displays only a temperature invariant

(-80 .- 30 C) singlet in the metal hydride region of their NMR spectra ,

Table VI.

Based on the insi ght gained from the crystal structure of (PP?~J

fCo Ku 3(CO) 13 1, we suggest that the new c lusters  HCoRu 3(CO) 13, HCoRu 2Os(~ O) 13,

and HCoRuO~2
(CO)13, and HCoOs

3
(CO) 13 ~ ye the b~ c1c st ruc tu re  shown in ~~~,

— ~~ - -~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~- -  — - —
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w i t h  th ree brid g ing CO’s and with the hydride ligand triply—bridging the

t r i angu la r  face opposite the Co atom.

oc: 

Co~~~~~~~~~~~~~~~~

No isomers , of course , can be drawn for such structures for HCoRu~Us(CO) 13
and HCoRuOs2

(CO)13, in full accord w i t h  thei r  in f ra red  and ~H NMR spect ra.

Further evidence that the hydride l i~~.,r’1s are associated with the Ru Osx 3-x

triangles comes f rom comparison of t ie tOIR chemical shifts within the

series HCoRu3(cO)13, HCoRu2Os(CO)13, and HCoRuOs2(CO) 13. As the Os

content of the cluster inc reases, the hydride resonances show an upfield

shift of exactly the same magnitude , Table VI , as seen for the H2FeRu3(cO)13,

H
2

FeRu
2
Os(~O)13, and }L FeRuOs2 (CO ) 13 series in which the hydride ligands

are c learly bound to the Ru 05
3 

portion of the cluster. The lack of

significant broadening of the hydride resonances also supports our

contention that the hydride ligand i - ~ not assoc iated with Co (1 7/2)

but rsther with the Ru Os triangle. Solution instability of these
x 3—x

n,’utr.il clusters has prevented iso1n~ I,n of crystals cnIta h~e for crv~ ta I~-

lograph ic study, but the basic ctructure 5 is fully consistent with the

available spectroscopic data.

— -~~~~~~~~ -~~~~~~~~ — ~~~~~~— -- -~~~~~~~~~~~~~~~~~~ —— —  -~~~~ --
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Table I. Data for the X—ray D i f f r a c t i o n  Study of I PVN J (CoRu 3(C0) 13 1

Crystal Parameters

cr ystal system: triclinic V • 2489(4)

space group: P1 temp • 23’C

a • 9.783(5) ~ / • 2

b 14.768(5) A no! wt 1264.88

c — 18.675(5) A calcd density — 1.688 g ca 3

l lo .39(3) . bsd dens i ty  - 1.700 g c.3

— 99.02(4)’

• 91.46(4)’

Measurement of Intensity Data
- __ _ s ___ __  - -

rad iat ion: Mokcz (\ 0.71073)

onochrosator: g raph i te  crystal

ref lectioc s measured : +h , 4k , +1

max 20 • 50.0

mm 20 — 0’

scan type : 0—2 0

scan speed: variab le , see text

reflections collected: 8964 unique ret lections; 6l~0 observed above
30(1) level

standard reflections : 3 measured every 2 hr s (“.185 reflections); there
was no signif ic an t decay over the course of the
da ta collection.

I 
___________
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Table II. PO1l?*0.ML *4W ~~~~~~~ p44*’~Ittos *..t’ u*t i.. I1tI’*~ tl 11*41*1.0 14v1*11U441.

*71W £ y 3 0,1 .11 I.- ..:, 043.3) 041.7’ 0(1.3) 0.7.3’

I4U * o.:’,,s’s, o.401,a ’J ’ 0. 7011,: 0.0001*,-. ’ 0.00U.4 iI 0.0070.4)) 0 . 00 I 4 0’ a I  O.0O? S e ’ 4  0.00.71,3)

‘U, 0.O3~~~?,. .  0 .4 00 )743’  o.j : s ’, :, 0 .0105’’ 0.00.1747) O.Qo 7~~~i I )  0.00423’ ,,  0.0O50544 0.00311.2)

~u3 o.o4~~y o 4 s  o. osi.j 0.I 0”2) 0.oiio3 ..~ - - 0-004 ,04: ,  0.00.03411 •(‘~~ 00Q745) 0 . 0 02*44 4 )  0 .00373 ,27

t O )  0.005,5,7) 0. ” 04.5’  0 . 1 0* 0 7 4 4~ 0 . 0* 14 5 ,0  0.0o4~~?,3 0.00323.71 0.00:7’54’ 0 .0044247,  0 .0035244 1

0..14.~ó,t ) 0.O0~ 00iVt O . 4 ~~”7)  0.c~ ’0 7 . i ,  0 . 0 0 44 5 ’ ’ )  0.00?3~~I 4 )  0.0007l .’, 0.002 5 4 7 ’  0.0004a41)

‘2 0.3*07 *, ~~~~~~~~~~~ 0.13110 4.’) 0.00’.’)’ 0 00400444 0.00 2 5 4 4 4 ’  0 .00* 5 4 7 .  0 .0031’ l’  0.0O.’.S(7)

1* 0~~~ie ’.7, 0.0f’~~. ’ J ,  0 . 1 0 5 4 4 3 )  0 . 04 4 : , ) 3 ’  0 . 0 0 4 4 43 ,  0.0014131 -0.0003410 0.00,S,iO) 0.00* 1441

02 0.3000 41 Q.25’~~~3 I 0.I I1 ’ .71 0.01,44 ~. - 0 - 0l~’ 2 4 3 )  0 . 0 0 4)4* ,  0.0011’ 7) 0.00034 4)  0 .004 S13)

03 0.00.I ’  0.1004 1 O n” ? ’ 0.03’). •-  o o o ~ .4:) 0 . 0 0 7 7 4 1)  0.0?0?l 7) 0.02054 5) 0.017442,

1)4 0 . % ’ 4 4 4 )  O .2 0 ’ - . 3 )  0. l:’,:’ 0.0134’ o.oo’s.~~. o.oo,ji:’ 0.003 .’l 4)  -0.00244 5) 0.007243)

OS 0.5340.5. 0.4’’ ,4, 0.:l” .’) 0.0I’34 .‘ 0. ol~~’ 4  0.00S~~( ? )  — 0.00404 II 0.00774 5) 0.000743)

04 0.4~4V ’ ’~). 0. ’ * 4 . 4 ,  Q .3 4 0 4 2 0 . O 2’ e ’  0 . 0 1 7 1 4 3 1  0.007712)  0.000,4 SI 0.00444 6)  0.0*40(3)

0 0.340. So 0.~~~ l ’ ’ 4 ’  0 . 4 3 7 * 3 )  0 .OL. ’0! l ‘ I  0- 0*4045) 0.00434? -0 .005* 1* 1)  0.00304 4) -0.0012,5)

OS -O. 3.) ’.’ 0.’*” %~~4) 0 . 1 7 : 1 4 4 )  0.0* 2 3 ’ 5’ 0 ,013444 , 0 .013143) 0.00 35 ’ 5) 0.0100 1 7 )  0.000045)

.4)0 0 -~o’:.~1. ~~~~~~~~~ 0 . I 7 7 i .~) 0.0:111 ? .  0.004047p 0.00.447) 0.0O’~0I 7) 0 .0 110 ’  4 )  0.001543)

0*0 0 . 1 0 0 ) . o’  Q . 4 l ~~~ 4 4  0 . 4 ’ ’I l .’ ’ 0 . 03 ’ I ’  S 0 . 0 7 4 * 4 4 3  0 .0 04 7 ’ I)  0.0315( 0)  0 .0 1 4 7 1  6) 0 .0*51(3)

Oi l  O. l13 .~~1l 0 . 4 ? ~ 5 I 3 ’  0.0*40, : ,  0 .030) ’  ~~I 0 . 0 n l . 3’  0.0031411 -0 .0254 4 5)  0.00 75 4 5) 0.00204 3)

0)? -0..’00~~- 4 o. ’as:’i 0.1’4t,J, 0 . 0 7 ? .~ 5’ 0.001.’.21 0.0055 ’’ 0.00?.:’ •7 0.00714 4 0.0073437

41) 3  4 .2 502 ’ S ’  O . 4 3 ~~.’ 3,  o .~~,’l :) 0.0:074 ‘ ‘  0.00454?) 0.0056,7’ -0.00’7 77 -0.001,4 4 )  0.0044437

NI 0 . 7 0 1 0 . 4 5  Q . I 40~~)’  0. ’ 4 1 ” 2 7  O . 0 I l’ l S I  0 .005)47)  0 . 0 07 7 ’ ) )  0 .003046 ,  0 .004044,  •.001S 3)

Cl O.0545~~’. 0 . 1 5 4 0 4 4 )  o.i.:~~~J ’ 0.020.’IO’ 0.004 .,3 i  0.0050’2 0.0072410) 0.00314 5) 0.005*44)

C3 0 .757*56’  0 . 70~~4 ’ 4 )  0 . 7* . ? . . ))  0.0775’ 7’ 0.007043, 0.0031421 0.00474 5) 0.00414 5) 0.004443)

C) 0.0751.4’ 0...’~’I.4I 0.~~’0*i3l 0.01’) 7 0.001I43 0.0040(2) 0.00534 5) 0.0*034 4) 0.044043)

CI -0.0457,5, 0.1154.3, 0 .1415,1’ 0.01)0’ 4’ 0. O4~~43) 0.004543) •O.00l0 7) 0.50224 4) 0.0543(3)

0 .4 4 . . ’ , ,  0. 44 ’ , ’~ l 0.7115411 0.0*::’ ‘. 0.0,01.41 0.0035427 0.00054 0) 0.00424 4) 0.0047447

C6 0 .)0~~7. i  S. 3254 ’ 4 ’  0.174*,), 5.07.’’. ) 0 . 0 I $~~I4 ,  0 .0 0 4 4(3*  0.O0~~7, 0) 0.00344 •) •.0~l~~s4)

0 . 3 *J ~~5 ê ,  0.5O04s~~ ’ 0. * ’ $ . j l  0.0)18’ 0 0.011015) 0.003717) -0.00lI4II 0.0027. ~~‘ 0.007745,

II -0 .154014’ 0 .3147144 O.3I40’4 0.0)304 7) 0 .0084431  0.0044 ,3) 0.0051, ,, 0.0077, 7)  0.0041451

0.0107 *’ 0.544 II 0.1500’)’ 0.0*455 1’ 0.00.54*, 0.003,47) 0.0033’ ~ I 0.0063. 4 4  0.002114’

r io 0.0a~~~,., Ø. 4 i 7 0 ~~4 ,  0.41’~1’*, 0.01014 I 0.011 .14) 0.00431 ’’ 0.01.11 ,1 0.00074 4) 0.0011441

Cu 0.100* 4,  0 .14: 1, •,r’,l’ , l p  0.o1 : ,  I 0.00.5,3. 0.003742) -0.00714 It 0.0034. 4) 0.0070.4’

C I: -0.104714 0.510 ’l’ 0 .1001)3) 0.0)34’ ‘‘ (.00’ .al) 0.003S 4~~ 0.0002 SI 0.00*74 4) 0 .003544 ’

C)) 0.1000,*’ 0.544 44 ’ 0.?44.”3) 0.0)454 • 0.005743, 0.0037171 -0.00)04 57 0.00141 61 0.0035437

CII 0~~s ’ : I ,3 )  0 .0 4 4 0 ,4 ,  0 .e50443)  0.0000w •1 0.00 013) 0.0077’?’  0.0075 4 7) 0.00*14 5) 0.000343)

CIS 0 .4 3 044 5 ’  0 . 7 7 0 4 .4 ’  0 . 4 27 3)  0.000)’ S.) 0.00o.53, 0 . 00 4 7 7 7 )  -0.0000 4 II 0.00*74 4 )  0 .001244 )

0. ‘ A ’ .’ d l )  Q.00~ 5.5) 0.450444) 0.000’, ‘I C .000044)  0 . 0 0 434 3 )  0.000~~i 0) 0.00*44 71 0.0035 3

C17 0.70),..) 0.02)7.5) 0 .714* ,S I  0.0)744 5’  0 .000444)  0.004717) 0.00454*0) 0.00)4 7) 0.0074,51

CII 0 .405544’  -0 .033754) 0.77*443) 0.0)344 7’ 0.000444) 0.004742) 0.0003, 0) 0.00504 71 0.004*44)

c)0 0.5.’0s4 -0.0l3”l’ 0.705443) 0.0*3)1 7) 0 .0044 (3)  0 .0041’ ’l 0.00764 SI 0.004*4 4) 0.007044)

CI’S 0.345045) 0 . 1  ~ i i 3 ,  0 . 6 1 1 3 4 3 )  5.00,4’ ?., 0.0050.)) 5 .0 0 7 4 4* )  0.0007’ 7) 0.0011i 57 S.007043

0.3401141 0 . 1 1 7 3 i 4 ,  0.5344,3, 0.0)101 7) 0.00194) 0.002042) 0.00)54 SI 0.0035 4 5’ 0.0030 44 )

C22 0 . 3734 4 4 )  0 . 1 0 7)4 5 )  5 . 4 0 S S 4 1 I  0.0135 1 0) 0.0)0744) 0.003042) 0.0032410) 0.053)4 4 )  0.0044(47
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Table II. (Cont’d)

5.23 O.354S(4) 0.204544) 0.S264 3 0.0*144 7) 0.0*14441 0.004142) 0.00374 0) 0.00344 6) 0.000044)

L24 0.331548) 0.3J4~~4 4l 0.4024413 0.0154t 5) 0.0070(33 0.004347 )  0.00*74 0) 0.00504 7) 0.0044(4)

0 . 3 ? e 0 s * s  0.:’ .i.~~ ’ 0 .64 5 0 4 3 ’  0.01:0 , 7 ’  0.005443, 0.003442) 0 .00564 0) 0.00144 8) 0.003443)

0.:*-.o. .’ O.~~057’4’ u . e O ’j 4 3 ,  0 .0* 0 5 4 6 ,  0 . 0 0 0 0 43 ,  0 .007547,  -0.00044 7) 0 .0035.  5) 0 .000443 )

C27 0.0~30,*. 0.O0~..2 . 4 l  0 . 4 * 1 3 4 3 ’  5.000 *, ~~s ~~~~~~~~~~ 0.0043421 -0.00744 I 0.00*04 6’  0.0030.4,

0.00 35 ~ -0.011043) 0.54 4~~4 - . ’ 0 . 04 :04  I’ 0.00,445) 0.005443 -0.00544 101 0.00704 5) 0.002444)

0.0.70, ’, - 0 . 3 8 4 0 . 5 )  0 . 5 1 ) 3 4 4 ’  S .0) l : , )0  0.0071 4 1  0.0050(3) -O.006’411) 0.00354 0) 0.000446)

0 30 0.II.’ .4’ I, -0 . I , , : 4 5)  ,),~~~v ,. ’,’ 0 .07071*1’ 0 ~‘O7 *s3 0 .007244 )  -0.00554)2) 0.0050(10) — .005147)

CII  0.7*.’)’ ‘ 4  0 . s ~’ 5 I1A ,3 l  0 . •, . 
~
. ‘ . 4 ’  0.0*704 ,, . c’O.I 4) 0,005543) -0.0075411) 0.00474 07 -0.003444)

4.37 0 .413”S’ 0.: .1.s), o.S’*:.:’ 0.00044 4 ,  .‘ 0 4 5 5 ,’ 5 0.00744*)  0.0074’ 6) 0.00264 5) 0.002543)

033 0.1’15,.’ 0. 503i41 0. ’’”.i’ 0.011? , 71 , “07 3 .31 0.00774.’) 0.~~,~074 0) 0.00374 6) 5.002444)

C34 O S.?.,.’ 0.38 1.4 , * 0*5043 ’ 0 .0*30, II 0.005*44) 0.003047’ 0.0007(I0, 0.00*04 71 0.000*45)

d O  0 *243’., 0.4*14’43 0. ’P’.5~~3 ’  0.0 13)1 7 1  0 . 0 0 4 0 4 3 5  0.003042, 0.00044 0) 0.002*4 7) 5.003044)

CI. 0.4045’.’ 0.30.044’ o. .o. i. 3. 0.017*4 7’ c .o0.043 , 0.003547) -0.0030 4 0) O.OOte , 4) 5.0023(4)

0.517445 , 0 )00 ’’.’ 0.S5 *O ij ’  0 .01)14 4) Q.005’43’  0 . 003542 )  0.000)4 7, 0.00334 5) 0.0024(3)

• 7.4 0.)447’ ’ 0.05:444’ 0.54 4.)’ 0.0*144 4 1  0.0055.3’ 0.00.043, 0.00424 2) 0.00124 5) 0.0040(3)

0.:*00s ‘ . -0.0 t I 3 ~~4 ’  0 “~~‘ ‘ ‘ 4 ’  5.0)’ . II ... -043, 3~ 0.0040 4 7 1  0 .00434  0’ 0.0*074 7) 0.00*1(4)

d O  0.302*4’’ - 0 .* *) ”S )  &I4~~’’4’ 5.0.’0,.50 ’ o..’0~ 5s)’ 0.010043) 0.00004101 0.0*224 0, 0.0*04(5)

o. . : .’ ,e,  .0.4 ~~~~~ 0 5 ’.4541’  • . 0 ’*’. I I ’  - - - 07* 4 .  0.0004 (3’ 0 .0II0’Ifl 0.0*541104 0.0003451

I • ‘ 0.’. ‘ ‘ . 5 1 4  0. .)~~ 4 . ~ 0 , ,’ “ .7 4 4 ’  0.  ~~~ I S lo - .‘ ~“500 . 4 ,  0 .007*4  0 .Q5U~.4 II)  0.00074 ~ )

443 0.4000. . - 0 ~~~~~~ 4 ’  0.0.,:, 3 5.0* ’.’ 5) . .
~‘~ ‘‘  3 1  0.004747, 0.05)4’ 0) 0.004*4 71 0.007*44,

C4 4 5.14 74s ’ 0 .1148 ,3 ’  0 ,4)4’.’’ 0.0004, 7.) ~- ..‘0 4 I 4 7 5  0 .0021*1 0.00034 4) 0 .00234 5)  0.0016.3)

dos 0.1 040’. , 0 *4’- ’.’’ 0.0*5~~5 1. 0.0**’~. 6’  - 0 e I .3 ~ 0.003012’ 0.0044, 5) 0.00.4, SI 0.004443)

CI. -0.OIAI’ ,’ 0*’:)’.. 0.145 0 1 1 ’  0.0*5), 7, ~~ c’ ,~~ 5. 3)  0.00424)9 0.0042. I) 0.00744 6) 0.0042’l)

4 . 4 7  -0.1005’.’ 0.’:’’’’ 0 , 1 ’)’) ’  0 . 0* 1 1  ,. 0.007043’ 0 .0 04 4 4 ? ’  0.001,, I) 0.00534 4) 0.0027.4,

- 0.0.:..,’ 5,7445441 ~‘ .S* I’ . 1 ’ 0 .0)15. -. 0 0 7 , 4 .  0.005043) 0.00444 0, 0.00504 4) 0.0055(4)

Cl, 0.0.55’S’ 0 .7’)144)  0 . 0 3 54 ’ ! ’  0.0)05 4 ., :- .~~05’.3 ’ 5.0530’7’ 0.00404 71 5.0432 4 4) 5.0041431

?~~ ~~~~ O~ *74 6,*SO710PIC t740~~~ P14*411 7(0 III

(I?C-IP4*.I)UIIW I 047 )95*0* I 0 3.3 14 It • • l,)9S445*. I 5l$.I.IWIt • P(3.3)S4SI~~).
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Table III. Sel.ct.d Bond Distances ( , )  in [PPN][CoRu
3
(CO) 131

Rul—Ru2 2.835(1) CI—Ol 1.131(5)

Ru.1—Ru3 2.828(1) C2—02 1.170(4)

Ru2—Ru3 2.824(1) C3—03 1.154(4)

Rul—Co 2.631(1) C4—04 1.158(4)

Ru2—Co 2.612(1) CS—OS 1.135(5)

Ru3—Co 2.611(1) C6—06 1.129(5)

Co—Cl 1.743(5) C7—07 1.138(5)

Co—C2 1.856(4) C8—08 1.134(5)

Co—C) 1.861(4) C9—09 1.136(5)

Co-C4 1.850(4) ClO—OlO 1.111(3)

Rul—C4 2.151(4) Cu —Oh 1.139(5)

Ru.1—C5 1.902(4) C12—0l2 1.117(4)

Rul—C6 1.885(5) Cl3—013 1.120(4)

Rut—Cl 1.904(5)

Ru2—C3 2.170(4) N—Pl 1.579(3)

Ru2—C8 1.876(5) N—P2 1.578(3)

Ru2—C9 1.908(5) P1—C14 1.810(4)

Ru2—C 1O 1.921(5) P1—C20 1.797(4)

Ru}—C4 2.172(4) Pl—C26 1.795(3)

1u3—Chl 1.889(4) P2—C32 1.784(4)

Ru3—C12 1.904(5) P2—C38 1.804(4)

Ru3—C13 1.919(4) P2—CI,4 1.792(3)

- —t- — .,  — —.----—.--~- - -- ._._.._____ 
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T*ble IV. Selected Bond A n i ’. (de&). in L PPNIICORu3j.C0113j.

Ru1-1u2-Ru3 60.0(1) Ru3-Ru2-C9 73.0(1)

Rul—Ru3—Ru2 60.2(1) Ru3—Ru2—ClO 157.8(2)

ku2-Ru.1-Ru3 59.8(1) Co—Ru2—C8 101.9(1)

Rul—Co—Ru2 65.5(1) Co—Ru2—C9 130.2(1)

Rul-Co—Ru3 (5.3(1) Co—Ru2—C10 127.9(1)

Ru2—Co-Ru3 65.5(1) Rul—R.u3—C]1 106.8(1)

Co—Rul—Ru 2 57.0(1) Rul—Ru3—C12 154.2(1)

Co—Rul—Ru3 57.0(1) Rul—Ru3—C13 70.5(1)

Co—R.u2—Ru3 57.3(1) Ru2—Ru3—Chl 159.3(1)

Co—Ku2—Rul 57.6(1) Ru2—Ru3—C12 99.1(1)

Co—Ru3—Rul 57.7(1) Ru2—Ru3—Cl 3 96.4(1)

Co—Ku 3—Ru 2 57.3(1) Co—Ru3—C11 102.5(1)

Co—C2—02 140.9(4) Co—Ru3—C12 126.5(1)

Rul—C2—02 137.4(3) Co—Ru3—C13 128.1(1)

Co-’C3—03 143.2(4) Rut—Co—Cl 138.4(2)

Ru2—C3’-03 136.4(3) Ru2—C o— Ch 143.2(2)

Co— C4—04 142.6(3) Ru3— Co—Cl 142 .5 (2 )
Ru3—C4—04 136.9(3) Ru3— Rul—C2 72 .1(1)
Ru2—Ruh—CS 156.1(1) Ru l— Ru 2— C3 76.1(1)
Ru2-Rul—C6 105.3( 1) Ru2—R u3—C4 75.4 ( 1)
Ru2—Rul—C7 73.1(1) Co—Ci—Ol 179. 1(5)
Ru3 Rul CS 101.7(1) Rut— CS—O S 178.4(4)
Ru3-Rul—C6 154.6( 1) Ru l -C6—06 178.4(5)
Ru 3— K u l— C 7 101.0(2) Ru l—C7 —07 17 1.6(4)
Co—Riol—C5 128.2(1) Ru2—C8—08 179.3(5)

Co—Rul—C6 97.9(2) Ru2—C9—09 173.4 (4)

Co—Rul—C7 130.0(1) Ru2—ChO—O1O 176.3(5)

RuI—Ru2—C8 158. 3(2) Ru3—Ch1—011 178.9(3)

P.ul-ftu2—C9 96.7(1) Ru3—C12—012 178.2(4)

ftul—Ru2—C10 102.8(1) ftu3—C 13—01 3 169.6(4)
Ru3—1u2—C8 104 .4(2) P1—N—fl 140.0(2)

_ _ _ _  
1TTII~~~~~~~~~~~~T
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Table V I . NMR Spectral Del ’

Clusti r 6 (pp.) 
-

~~ Cluster 6 (pp.)

HCoRu
3

(CO) 17.8 H
2
FeRU

3
(cO)13

NCoRu20s(c
~
0) 13 —18. 3 H2F.Ru20s (cO)

13

oRu0s
2~~
0)13 ‘19,l H2f.Ru0 2 (cO) 13 

_ 19 7b,c

‘$sasur.~d in cDCl3 solutions.b
Rif 24, 25.

of three different hydrogen enviroz~ ents: H2P’sRu2Os(C0)13
(—18.97, —19.11, —19.19), H2FeRuOs

2(cO)13 (—19.55 , —19.67, —19.82). 

. -----
- 

- - --~~~~~~~~~~~~~~ -.- .-.—- — _ 
— ---——- -
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Sch. I

KIco(co) J
) HFeCo3(cO)12’, Co4 (cO) 12

~~3~~~~12 < ~PPNj(Co(c0)4J
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (PPNJ(CoP.

3U0)133*, Fe(C0)5 -

K(Co (~0) J H’4’

~ Co4(C0)12*, HCo3RU(C0)12

(PPNJ(Co(CO)
4J __

~ (PPNHCoF.2Ru(cO)131*, P.(co)5
KLCo(co) 114’

—) RU
3
(cO)12*, Co4(a~)12, HC0Ru3(cO)13

(PPNJIC0(cO)41
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ IPPN)LCoFeRu2(cO)131*, F.(cO) 5

X~[Co(c~0) I H’4’
) HCo Ru

3
(cO)13*, H2Ru4(C0) 13

Ru
3 

(4
~
0)

12 ~~~~~~~~ [PPNJ(Co(cO)41
(PPN I (CoRu 3(cO) 133”

+ P~(Co(10) 4 3l#HCoRu 20a(~0) 13, Co4 (C0) 12*, H40.4 (cO) 12

2~~~~12 + R(Co(cO)4 I .L.HCoRuoa 2 co)13, Co4 (cO) 12* ,H40 4(cO)12

~~ 3~~
0) 12 + R~Co(cO)4)L,H2Os4(CO) 12, H40.4(cO)12, Co4(cO)12”

‘SPrincipal product.

5Plus unidentified products.

____ ----- - - -  
_ — - ----— _ _
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?1~ur. Captions

P iiur. 1. Structur. of th. tCoRu 3(C0) 13) .nion shovin8 the sto.

nu.b.ring ache.. . Thst.al ellipsoids are dravn at the 20Z

probability level. The terisinal carbonyh (C 1,01
) attached

to Co is o.itt.d for clarity (see Figure 2) .

Figu re 2. Stereoscopic view of (CoRu
3

(C0) 13).

Figure 3. Couparison of the infrared spectra of ( PPNJ [CoRu 3(C0) 13)

(—) and IPPNJIHYeRu3
(C0)13 1 (—‘-) in THF solution.

I
— _

~

-

~
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Table C. Mass Spectral Data

Parent ion isotopic distribution Princ ipal Ions~
(rd . intensity) (rd . intensity)

HCORU (CO) 736(11), 735(15), 734(37) , 729(18) , 701( 19), 673(36) ,
3 13 733(33) , 732(67), 731(74) , 645(13), 617(32) , 587(100) ,

730(93), 729(100), 728(96), 561(49), 533(59) , 505(41),
727(93) ,  726(93), 725(7 8) , 479(44), 449(44) , 421(45),
724(59),  723(48), 722(44) ,  393(42),  365(68)
721(26) ,  720(15), 719(19),
718( 19), 717(11)

HCORU 0.(cO) 828(13), 826(21), 825(15), 817(8), 789(8), 761(14),2 1 824(2 5) ,  823( 21) , 822(63), 733(20) , 705 (34) , 677(37) ,
821( 25), 820(83), 819(88) , 649(22) ,  621(62), 593(100) ,
818(96), 817(100), 816(88), 565(37), 537(80) , 509(65) ,
815(67) , 814(58), 813(42) ,  481(62) , 453(48)
812(33), 811(21), 810(17),
809(13), 808(8), 807(4)

HCoRuOs
2
(C0)

13 
919(15) , 914(31), 913(2 3) ,  908(8), 880(12) , 852(60),
912(77) ,  911(62), 910(38) , 824(17), 796(54) , 766(100) ,
909(100) ,  908(100), 907( 92) ,  738(88) , 710(100) , 682(59) ,
906(77), 905(69) , 904(62), 654(48) , 626(52), 598(44) ,
903(46), 902 (3 1) ,  901(23), 570(40) , 542( 48)
900(23) , 899( 15)

HCo0s3(~0) 13 994b 994( <S), 966(<5), 938(5),
886(42), 885(14), 884(83), 910(<5) , 882(82), 754(100),
883(60), 882(100), 881(78), 725( 32) ,  797(38),  769(70) ,
880(92), 879(68) , 878(57), 741(58). 713(58) , 683(47),
877(39), 876(28) , 875( 17) 657( 52) ,  629(38)

position given is taken frau peak of gre atest intensity in the
isotopic envelop..

b
parent ion very weak ; isotopic distribution taken frau parent ainus 4 CO.
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